Catalysts with about 2.5 wt% of gold supported on Al 2 O 3 , ZrO 2 , CeO 2 , La 2 O 3 and MgO oxides and with the same mean metal particle sizes of 2.4-3.0 nm have been studied in hydrogen production via formic acid decomposition. A strong volcano-type relation of the catalytic activity on the electronegativity of the support's cation was demonstrated with the Au/Al 2 O 3 catalyst on the top. This indicated that the activity is affected by the acid-base properties of the support. A study of the most active Au/Al 2 O 3 catalyst with aberration-corrected HAADF/STEM, XPS and EXAFS proved that gold is in metallic state. The content of single supported gold atoms/cations was negligible. Therefore, the mechanism of the reaction was related to the activation of formic acid on the catalyst's support followed by further decomposition of the formed reaction intermediate on the Au/support interface.
Introduction
Biomass-derived formic acid containing 4.4 wt% of hydrogen is considered as a potential hydrogen source producing hydrogen by decomposition at low temperatures using noble metal catalysts. 1 This feature could be utilized further for important application of this acid in some hydrogenation reactions instead of molecular hydrogen 2, 3 thus avoiding the problems of expensive hydrogen transportation. Heterogeneous catalysts could be used for decomposition of formic acid in liquid or vapour phase. In the present paper, we consider only vapour phase formic acid decomposition and gold catalysts on different supports. Catalysis with nanosized gold has attracted a lot of attention during the last 15 years as gold catalysts with particle sizes smaller than 5 nm may provide a better performance in reactions where Pt-group metals are traditionally used. Thus, for formic acid decomposition, Ojeda and Iglesia 4 have demonstrated that the activity of Au/Al 2 O 3 catalysts with a mean size of 2-4 nm could be one order of magnitude higher than that of Pt/Al 2 O 3 catalysts. They assigned the exceptional activity to the presence of sub-nanometre sized Au species invisible by conventional TEM. However, these authors provided no spectroscopic or electron microscopy evidence of the presence of such species. The content of CO in these studies was less than 10 ppm, and hence, the reaction corresponded to CO-free hydrogen production. The explanation of these authors was based on the approach developed by the group of Flytzani-Stephanopoulos, 5 who demonstrated a unique activity of isolated Au-O x (OH)-species attached to reducible CeO 2 , TiO 2 and Fe 2 O 3 supports in water-gas shift (WGS) reaction. This group confirmed the presence of Au species in isolated atomic state in their catalysts by aberration-corrected HAADF/STEM studies. Later, they also investigated formic acid decomposition and showed that Au/CeO 2 catalysts containing only single Au atoms at low concentrations (0.03 and 0.5 at%), left on the support after leaching of Au nanoparticles by a NaCN solution, provided a catalytic activity towards H 2 and CO 2 products at low temperatures (<323 K). 6 These results were in accordance with the results of Ciftci et al., 7 who used quite similar catalysts.
Alternatively, Singh et al. 8 using microkinetic modelling and density functional theory (DFT) calculations showed that the reaction of formic acid decomposition is structuresensitive and the reaction rates are determined by a mechanism taking place via formate species decomposition over low coordinated corner sites located on the Au nanoparticles. They used an unreducible catalyst support (SiC), for which stabilization of single Au atoms is not expected, and the mean Au particle sizes of their catalysts were in the range from 2.5 to 11 nm. The content of CO in these studies was negligible (∼25 ppm). Gazsi et al. 9 determined the catalytic activity in formic acid decomposition of 1 wt% Au catalysts on different supports. Comparing the activity of the catalysts with similar mean particle sizes of 5.5-6.5 nm at 473 K, they showed that an Au/SiO 2 catalyst demonstrated a 4-6 times higher activity than Au/Al 2 O 3 and Au/C catalysts. We could note that the mean particle sizes used in this work did not correspond to the sizes showing the highest activity of gold; hence, the authors needed to use high temperatures. This led to low selectivity for hydrogen production, since high temperatures favour reverse WGS reaction giving CO and water from CO 2 and hydrogen over some of the catalysts. Also, in accordance with the results of our studies for an Au/TiO 2 catalyst, 10 Gazsi et al. 9 showed that the selectivity could be significantly improved with addition of water vapour to the reaction mixture.
In contrast, addition of CO did not influence hydrogen production from formic acid 6,10 as CO is known not to be adsorbed strongly on any Au species. Catalytic reactions on Au nanoparticles are very sensitive to the nature of the support; [11] [12] [13] [14] however, explanations for these effects are contradictory and demand further studies. Hence, the objective of the present work was to reveal the effect of the nature of the oxide support in hydrogen production via formic acid decomposition for gold catalysts. We showed that the catalytic activity of the catalysts with the same mean metal particle sizes (2.4-3.0 nm) is strongly dependent on the acidity of the support. The Au/Al 2 O 3 catalyst possessed the best performance in the reaction followed by Au/ZrO 2 , Au/CeO 2 , Au/La 2 O 3 and Au/MgO catalysts.
Experimental

Materials
The catalyst supports and catalysts used in this work have been described earlier by us. 13 The 15 The prepared materials were washed with concentrated NH 4 OH (25 M) to remove chlorides after gold deposition. This treatment was also important to clean the catalysts from other impurities, like alkali metal ions. Then, the samples were washed with distilled water, filtered and dried for 24 h at room temperature. These samples were denoted as initial. The samples denoted as calcined were heated in oxygen from room temperature up to 623 K with a ramp of 20 K min −1 and were immediately cooled back to room temperature. The sample denoted as reduced was heated in H 2 up to 573 K and cooled rapidly to room temperature.
Catalyst characterization
The content of Au in the obtained gold catalysts was measured by inductively coupled plasma atomic emission spectroscopy (ICPAES) using a Varian Liberty 110 spectrometer.
A conventional JEOL JEM-2010 microscope was used for TEM imaging of the calcined Au catalysts supported on different metal oxides before the reaction. Additionally, the calcined Au/Al 2 O 3 catalyst was studied after the formic acid decomposition using a Titan 60-300 TEM/STEM microscope (FEI, Netherlands) in HAADF/STEM mode. The samples for this analysis were prepared by ultrasound dispersion in isopropanol and a drop of the solution was put on a carbon grid.
The electronic state of gold species was studied by X-ray photoelectron spectroscopy (XPS) with a Kratos AXIS 165 photoelectron spectrometer using monochromatic AlKα radiation (hν = 1486.58 eV). All measured binding energies were referred to the C 1s line of carbon at 284.8 eV.
The Au-L 3 edge EXAFS spectra of the Au/Al 2 O 3 catalyst were measured at the Siberian Synchrotron and Terahertz Radiation Centre (SSTRC, Novosibirsk, Russia). The storage ring VEPP-3 with an electron beam energy of 2 GeV and an average stored current of 90 mA was used as a source of radiation. The X-ray energy was monitored with a channel cut Si(111) monochromator. Harmonic rejection was performed by using a SiO 2 mirror for all measurements.
All EXAFS spectra were recorded under transmission and fluorescent mode with steps of 1.5 eV. Energy calibration was done using a gold foil spectrum. The spectra were treated using standard procedures. 16, 17 The background was removed by extrapolating the pre-edge region onto the EXAFS region in the form of polynomials. Three cubic splines were used to construct the smooth part of the absorption coefficient. The inflection point of the edge of the X-ray absorption spectrum was used as the initial point (k = 0) of the EXAFS spectrum.
The radial distribution function of atoms (RDF) was calculated from the spectra in k A curve fitting procedure with Viper 17 and EXCURV92 18 codes was applied to determine the distances and coordination numbers. It was performed for k 3 χ(k) in similar wavenumber intervals after preliminary Fourier filtering by using the known XRD literature data for the bulk compounds. The Debye-Waller factors were fixed: 2σ 2 = 0.009-0.013 Å 2 .
Catalytic activity measurements
Vapour phase formic acid decomposition was carried out in a fixed bed quartz reactor with 4 mm internal diameter under normal atmospheric pressure as was described earlier. 19 The loading of a catalyst was 23.5 mg and it was placed between View Article Online two layers of quartz wool. The catalytic activities were measured after the reduction of the catalysts in a 1 vol% H 2 /Ar mixture for 1 h at 573 K followed by cooling in He to the reaction temperature. Formic acid (Sigma-Aldrich) was introduced into an evaporator by a syringe-pump (Sage) to get 1.9 vol% in helium flow. The total flow rate of the gas mixture was 51 mL min −1 for all experiments. A gas chromatograph (HP-5890) equipped with a thermal conductivity detector and a Porapak-Q column was used for gas analysis. To evaluate the temperature dependence of the acid conversion, the composition of the outlet gas mixture was measured several times at each temperature (at least for 30 min), to ensure that the activity was stable in time.
As there was only negligible content of other carboncontaining products apart from CO and CO 2 , the degree of conversion of formic acid was determined as the sum of CO and CO 2 concentrations related to the initial concentration of formic acid. Apparent activation energies and turnover frequencies (TOFs) were calculated at low conversions (<20%). The TOFs were determined based on the total number of metal atoms in the sample.
Results
Characterization of the catalysts and supports Table 1 shows some characterization data for the calcined Au catalysts on different supports studied. It is seen that the BET surface areas of the supports differed from 2 to 136 m 2 g −1 . In spite of this, the average pore diameters were quite similar ranging from 4.0 to 6.6 nm. These sizes indicate that the catalysts were mainly mesoporous implying easy transport of formic acid and products in the pores. It is seen in Table 1 that the measured content of Au was slightly lower than the calculated one (3 wt%). This could be explained by a higher content of water in the Au precursor than expected. The mean Au particle sizes measured by conventional TEM (JEM-2010) were in the narrow range from 2.4 to 3.0 nm for all the catalysts studied. These particle sizes corresponded to the dispersion of 39-49% calculated for a spherical shape of the Au particles. As the difference in these values was small, we accepted that the mean particle size was the same for all samples. This approach facilitated substantially the elucidation of the support effect for the reaction allowing the particle size effect to be neglected.
Based on the earlier studies, [5] [6] [7] one can suppose that some catalyst supports may provide stabilization of sub-nanometre sized Au species in the form of isolated atoms in a cationic state. Hence, we used EXAFS, XPS and HAADF/STEM to reveal the state of Au in the most active Au/Al 2 O 3 sample. EXAFS spectroscopy is a well-known powerful instrument which allows direct information concerning the local arrangement of gold in nanosized (nanostructured) systems to be obtained. 20 The interatomic distances (R) and coordination numbers (CN) are the main parameters, which can be estimated by this method. Earlier, we have studied different gold mono-and hetero-metallic nanosystems, including nanostructured catalysts stabilized on oxide supports by means of EXAFS, and showed that this method is useful for structural studies and phase analysis of active components for highly dispersed and low-metal content catalysts. 21, 22 The curves of the radial distribution function of atoms (RDF) describing the local arrangement of gold for the initial and reduced Au/Al 2 O 3 samples are shown in Fig. 1 . The initial sample is the sample obtained after the deposition of Au species, their hydrolysis and drying at room temperature. This sample was not calcined at high temperatures and was not reduced. A comparison of the curves was performed with the curves obtained for the reference Au foil. For the initial sample, no metallic Au 0 species were determined within the method limit. Obviously, the first main peak in RDF located at 1.2-2. Table 2) . These Au parameters correspond to a hydroxy-oxide structure, which is not similar to that of the bulk Au 2 O 3 oxide (Table 2) . Very similar values were also obtained for the calcined sample. XPS measurements of the calcined and reduced Au/Al 2 O 3 catalysts led to very similar spectra with binding energies for the Au 4f doublet at 83.9 and 87.6 eV, indicating the presence of metallic Au (Fig. 2) . One can suppose the presence of shoulders for these lines at about 5% of the intensity located at higher binding energy tails of the peaks, which could be related to Au δ+ species. However, as the shoulders do not change with high temperature reduction, the possibility of the presence of these species is low. The mean particle size for the calcined Au/Al 2 O 3 sample after the reaction measured with atomic resolution HAADF/ STEM (Titan 60-300, Fig. 3a) was the same as before the reaction measured by conventional TEM (Table 1 ). This indicated that the reaction does not influence significantly the size of the Au nanoparticles.
The major aim for utilization of HAADF/STEM was to reveal the presence of small clusters and isolated Au species. Earlier, this approach allowed us to reveal a large content of isolated Pd atoms in Pd catalysts supported on nitrogendoped mesoporous carbon. 19 Using a number of methods and DFT calculations, we showed that these species could be the active sites for formic acid decomposition. In the present work, the images of the Au/Al 2 O 3 catalyst depicted in Fig. 3b and c demonstrate that very rare small clusters and isolated atoms could be seen in the sample. It was really difficult to find them, as their content was too small in comparison with the content of larger Au nanoparticles. Moreover, we cannot conclude definitively that all the observed single atoms are Au and not some impurities in the sample.
Catalytic properties of the catalysts on different supports
The catalytic activity for the calcined Au catalysts on different supports was compared at high conversions by comparing the temperatures for 50% conversion (Fig. 4a) as well as at small conversions by comparing the TOF values (Fig. 5) . It is seen in Fig. 4a that the Au/Al 2 O 3 catalyst showed the lowest temperature for 50% conversion. It was followed by the Au/ La 2 O 3 and Au/ZrO 2 catalysts, while the catalysts on the MgO and CeO 2 supports were much less active. The selectivity for hydrogen production was also the highest for the Au/Al 2 O 3 catalyst (Fig. 4b) . The lowest selectivity of about 90% was obtained for the Au/CeO 2 and Au/ZrO 2 catalysts. These catalysts were probably very active in reverse WGS reaction converting H 2 and CO 2 products to CO and H 2 O. The Arrhenius plots for the TOFs for formic acid conversion over the Au catalysts on different supports are shown in Fig. 5 . The activity trend of the catalysts differed slightly from the trend obtained at 50% conversion (Fig. 4a) . However, the Au/Al 2 O 3 catalyst was still the most active catalyst and the Au/ MgO catalyst possessed the lowest activity. At the same time, this Au/MgO catalyst was highly active in liquid phase oxidation of alcohols. 21 The apparent activation energies for formic acid decomposition ( Using an approach applied in ref. 12 and 13, we plotted the TOFs as a function of the electronegativity of the support's cation (X i ). The latter value was calculated from Pauling's electronegativity (x 0 ) and the charge of the metal cation (Z) using an equation (X i = (1 + 2Z)*x 0 ). 26 The TOFs at 373 K plotted as a function of the electronegativity of the metal cation demonstrated a strong volcano-type dependence with the Au/Al 2 O 3 catalyst on the top (Fig. 6a) . It is evident that for the optimal performance, the support should not be too basic as the activity of the most basic Au/MgO catalyst was about 20 times lower than that of the Au/Al 2 O 3 catalyst. The Au/Al 2 O 3 catalyst showed almost CO-free hydrogen production. The CO content was less than 40 ppm under these conditions (Fig. 6b) , whereas the others showed a higher content of CO in the products. There is also an important question whether the Au/Al 2 O 3 catalyst can be stable in the reaction for a long time. The result of long-term testing of the reduced sample is shown in Fig. 7 . It is seen that the conversion of formic acid over this catalyst changes only weakly from 61 to 55% within 16 h. The low content of CO and good stability could be important for possible utilization of the catalyst in fuel cells. 
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Discussion
As we showed above, the comparison of the performances of the catalysts on different supports with the same mean Au particle sizes led to a conclusion that the Au/Al 2 O 3 catalyst possesses the best performance with the highest activity and selectivity for hydrogen production. This catalyst also demonstrated a sufficient stability. Earlier, the superior activity of highly dispersed Au 11, 27 and Ag 28 catalysts on alumina supports as compared to the catalysts on other supports has been reported for different reactions. The dependence of the TOFs on the electronegativity of the metal cation in the support clearly points out that the activity depends on the ability of the cation to withdraw electrons. This determines the acid-base properties of the support and indicates that these properties influence strongly the activity of the Au catalysts. It is interesting that the observed trend of the activity corresponds well to the trend of the content of Lewis acid sites in the same supports, which we measured earlier by pyridine adsorption combined with FTIR spectroscopy. 14 at 373 K estimated from the data of Patermarakis was by 3 orders of magnitude lower than that over our Au/Al 2 O 3 catalyst. Hence, the direct contribution of the reaction over the support is negligible. It is interesting that the CeO 2 and ZrO 2 supports as compared to the others are reducible oxide supports; however, this fact is not predominant for the catalytic activity in the considered reaction. As the Al 2 O 3 support is amphoteric and contains both types of sites: acidic and basic, they both could play a certain role in formic acid conversion. For example, as proposed by Shimizu et al. 28 basic sites may facilitate the abstracting of proton from alcohol forming an alkoxide intermediate, while acidic sites (OH δ+ ) facilitate hydrogen transfer. We consider several possible reasons for the explanation of the highest activity of the Au/Al 2 O 3 catalyst in hydrogen production from formic acid as compared to the catalysts 
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with the same mean Au particle size on the other supports (Fig. 6a) . Among them, we can mention the highest concentration of single Au atoms/cations as possible active sites, the optimized electronic properties or the shape of Au nanoparticles on the alumina support and the highest concentration of reaction intermediates formed on the support further transforming on the Au/alumina interface to the reaction products. The analysis of the surface of the Au/Al 2 O 3 sample by XPS, and of the bulk by EXAFS and HAADF/STEM indicated the presence of only metallic Au nanoparticles. Therefore, we cannot accept that the support effect is related to a higher concentration of Au atoms/cations on the Al 2 O 3 support than on the other supports; however, further experiments with catalysts leached by NaCN could be useful to determine the content of Au ions quantitatively. The electronic properties of Au in the catalysts on the same supports were analysed earlier by XPS and no serious change in the position of the Au 4f peak was observed. 13 Hence, we cannot assign the difference in the activity of Au on the nature of the support to the difference in electronic properties of the Au nanoparticles. We cannot also accept the approach related to the different contents of some specific sites, for example, corner sites in the Au nanoparticles on different supports, as we do not expect a strong dependence of the shape of Au nanoparticles on the acidity of the support with an optimum for the alumina. Moreover, as we reported earlier, the shapes of the Au particles on some supports were quite similar. 13 Therefore, the observed behaviour of the catalytic activity should be attributed to the activation of the formic acid molecule on the support sites followed by further conversion of the formed reaction intermediate on some interfacial corner or edge sites of Au nanoparticles 8, 31 giving hydrogen and carbon dioxide. The role of interfacial sites is considered for a number of catalytic reactions including CO oxidation and H 2 / D 2 exchange. 32 An FTIR study could be useful to determine the nature of the intermediate. However, it will not be easy to do this, as for example, the nature of the intermediate for the WGS reaction is still under discussion. Thus, formate or carboxyl species are considered by different authors. 33 The problem is that formic acid should interact strongly with the support forming surface formate species, a significant part of which does not possess reaction ability. 33, 34 It could be also of interest to compare the activity of the Au/Al 2 O 3 catalyst and the apparent activation energies with the literature data. The obtained apparent activation energy values of 57 kJ mol −1 corresponded well to the literature data for different Au catalysts, 4,6,9,10,35 not only limited to the catalysts with single supported Au atoms as active sites. 4, 6 At the same time, the analysis showed that the TOFs obtained in our work were lower than those obtained for the catalysts with single Au atomic species. However, we expect that the activity of the catalysts could be significantly improved by using alkali metal ions as promoters. We showed earlier that the application of potassium carbonate/formate as a promoter improved the reaction rate over a Pd/C catalyst containing nanoparticles of about 3.6 nm by 1-2 orders of magnitude and this takes place because of a change in the mechanism of the reaction.
36,37
Conclusions
The Au/Al 2 O 3 catalyst showed the highest activity and almost CO-free hydrogen production in formic acid decomposition in comparison with the Au catalysts with the same mean Au particle sizes (2.4-3.0 nm) on ZrO 2 , CeO 2 , La 2 O 3 and MgO supports. After being plotted as a function of the electronegativity of the metal ion in the support, the TOF values showed a volcano-type curve indicating a dependence of the catalytic activity on the acid-base properties of the support. The major mechanism of the reaction, taking place on the studied catalysts, was related to the activation of formic acid on the catalyst's support followed by further conversion of the formed intermediate on metal/support interface sites.
